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Scalar FCNC and rare top decays in a two Higgs doublet model "for the top" 
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In the so called two Higgs doublet model for the top-quark (T2HDM), first suggested by Das 
and Kao, the top quark receives a special status, which endows it with a naturally large mass, and 
also potentially gives rise to large flavor changing neutral currents (FCNC) only in the up-quark 
sector. In this paper we calculate the branching ratio (BR) for the rare decays t — + ch and h — > tc 
(h is a neutral Higgs) in the T2HDM, at tree level and at 1-loop when it exceeds the tree-level. We 
compare our results to predictions from other versions of 2HDM's and find that the scalar FCNC in 
the T2HDM can play a significant role in these decays. In particular, the 1-loop mediated decays 
can be significantly enhanced in the T2HDM compared to the 2HDM of types I and II, in some 
instances reaching BR ~ 10 -4 which is within the detectable level at the LHC. 

PACS numbers: 12.15.Ji, 12.60.Cn, 14.65. Ha, 14.80.Cp 



I. INTRODUCTION 

The Standard Model (SM) of elementary particles has 
been highly successful in describing the observed and 
measured phenomena. It contains, however, an unex- 
plored sector, namely, the Higgs sector. The SM also has 
several problems, one of which is the fermion mass hier- 
archy problem, especially the top quark having a much 
larger mass than all other quarks. 

In the T2HDM which was first suggested by Das and 
Kao [1] as an extension to the SM, and which can be 
viewed as a low-energy parametrization of a more fun- 
damental theory, the top quark receives a special status 
by a particular Yukawa structure which endows the top 
quark with a naturally large mass, while at the same 
time giving rise to potentially large FCNC couplings in 
the up-quark sector. Such new FCNC interactions in the 
up-quark sector may drive FCNC decays such as t — ► ch 
and h — > tc that we will consider in this paper. 

Previous studies [2, 3] have shown that the 
£?i?(i— > ch), where h = H°,h Q ,A a , could reach up to 
- 1CT 4 in the 2HDM type II and in the MSSM, and 
about ~ 1(T 6 in the 2HDM type I. In addition, the 
FCNC top decays t — > cy, eg, cZ can range between 
10~ 4 — 10~ 10 depending on the underlying Higgs sector. 
In order to give a feeling of the maximal values expected 
for the BR's of FCNC top rare decays to gauge-bosons 
and scalars within different scalar models, we collect in 
table I some highlights of the results obtained in [2] and 
reported in the review [3]. Namely, the expected FCNC 
rates within the SM and the 2HDM of types I, II and 
III. Note that the values are given with: m t = 178 GeV, 
rfTb(m t ) — 2.74 GeV and m#o = 115 GeV. The branching 





SM 


2HDM-I,II 


2HDM-III 


BR(t -> cy) 


~5x 10~ 14 


< 10" 9 


< IO" 6 


BR(t -> eg) 


~5x 10" 12 


< IO" 8 


< IO" 4 


BR(t — ► cZ) 


~ 1 x 10~ 14 


< io- 10 


< IO" 7 


BR(t -> ch) 


~6x 10" 15 


;SiO" 5 


?Zj 10 — 3 (tree level) 
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TABLE I: Top quark rare decays into cy, eg, cZ, ch, within 
various models: the SM, the 2HDM of type I, II and type III. 
Our results are consistent with [3-5]. 



ratio depends strongly on these parameters, especially on 
rrifc. Note also that the corresponding BR's for the de- 
cays into a u quark instead of a c quark are a factor 
\V ub /V cb \ 2 ~ 0.0088 smaller in the SM and in the 2HDM 
of types I and II. 

The estimated LHC discovery limit for t — > ch is 
BR(t ch) ~ 5 x 10 -5 [3] for an integrated luminosity 
of 100 In the SM, this decay has a vanishingly 

small branching ratio BR SM (t -> cH°) - 6 x IO -15 [3- 
5] , which is not accessible at the upcoming Large Hadron 
Collider (LHC). Thus the rare FCNC decays t -> ch and 
h — > tc are extremely sensitive probes of new physics in 
the scalar sector. 

In this work we will explore these rare decay channels, 
t — > ch and h — > tc, within the parameter space of the 
T2HDM, at the 1-loop level and, when allowed, also at 
the tree-level. We will focus on regions of the parameter 
space in which the BR (t — ► ch) can exceed the detec- 
tion limit of the LHC, and also on regions where the 
BR (t — > ch) and BR (h — > tc) can be enhanced signifi- 
cantly compared to other 2HDM. 

The paper is organized as follows: in sections II and 
III we describe the main features of the T2HDM rele- 
vant for our analysis and in section IV we shortly discuss 
the constraints on the parameter space of the model. In 
section V we outline our analytical derivation and in sec- 
tion VI we give our numerical results. In section VII we 
summarize. In Appendix A we list the required Feynman 



2 



rules, in Appendix B we give the 1-loop amplitudes, in 
Appendix C we define the 1-loop integrals and in Ap- 
pendix D we derive the total Higgs width in the models 
considered. 



II. THE TWO HIGGS DOUBLETS MODEL 
"FOR THE TOP" 

In the T2HDM the second Higgs field couples only to 
the top-quark, while the first Higgs field couples to all 
other quarks [1]: 



£y = — Qhi^iFijdRj — Qhi^iGij^i^ 



will choose to be much larger than the first Higgs VEV: 



Qu^2G a t R + h.c. 



(1) 



where: i,j — 1,2,3 are flavor indices, L(R) = 
(l — (+)7 5 ) /2 are the chiral left (right) projection op- 
erators, Jl(r) — L(R)f are left(right)-handed fermion 
fields, Ql is the left-handed SU{2) quark doublet and 
F, G are general 3x3 Yukawa matrices in flavor space. 
Also, $i j2 are the Higgs doublets: 



$ = 





The Yukawa texture of (1) can be realized in terms of a 
Z 2 -symmetry under which the fields transform as follows 

[1]: ' 



$ 2 



+ $2, 



dR - 
Ql 



-d R , 
+Ql, 



UR - 

t R 



-ur (u = u,c), 



+t R . 



(2) 



The Higgs potential is a general 2HDM one [6]: 



C H =Ai ($+$i - v 2 j2) 2 + A 2 ($+$ 2 
+ A 3 [(*+$!- v\/2) + ($+$ 2 



+ a 4 [(^$i) (*j$ 2 ) - ($i"* 2 ) 

+ A 5 |$ ] f $ 2 - v 1 v 2 /2\ 2 . 



(3) 



where we have included the term cx A5 which softly 
breaks the Z 2 -symmetry in (2) and which can also give 
rise to CP-violation [7]. 

The top-quark acquires a mass term primarily from the 
second Higgs vacuum expectation value (VEV) , which we 



tan/? 



V2 



> 1 



(4) 



Eq. 4 above is the working assumption of the T2HDM. 

The particular Yukawa structure of (1) gives rise to 
various other interesting features of the T2HDM: 

• Enhanced H + cb coupling: The H + cb interaction 
term is naively enhanced by a factor of Vtb/V c b com- 
pared to other 2HDM's, where V is the CKM ma- 
trix. This property which motivated the analysis in 
[8, 9], also motivated the present work since, as we 
shall later see, the 1-loop FCNC decays t — > ch and 
h — > tc are expected to be enhanced, due to this 
large H + cb coupling, naively by this factor com- 
pared to e.g., the 2HDM of type II. 

• Tree-level FCNC couplings in the up-quark 

sector: While there are no tree-level FCNC inter- 
actions in the down-quark sector (as for the exam- 
ple in the case of the type III 2HDM [10]), there 
are a-priori 0(1) FCNC htc and htu couplings. 

• Enhanced couplings to up quarks: The 

couplings of the three neutral scalars (h = 
H°, h° , or A ) to all the quarks except for the top 
quark, increase with tan/3. For example, the hec 
coupling is oc m c tan (3 in the T2HDM as opposed 
to being oc m c /tan/3 in e.g., the type II 2HDM 
which also underlies the MSSM. Since tan/3 >> 1 
is the working assumption of the T2HDM, one ex- 
pects a large enhancement of the hoc coupling in 
the T2HDM. This motivated the work in [11]. 



III. YUKAWA INTERACTIONS AND THE 
THEORETICAL SETUP 

A detailed derivation of all Yukawa interactions in the 
physical mass basis can be found in [12] (see also [13]). 
We use the results of [12], which are also summarized as 
a list of scalar-quark-quark Feynman rules in Appendix 
A. 

Below we highlight only the new Yukawa interactions 
that will be the focus of our analysis. In particular, as 
mentioned above, in the T2HDM the H + cb interaction 
is different from the typical 2HDM scenario: 



-H+cb 



\f2mw 



-H + c [tan (3VM d R + {-M u tan/3 + (tan/3 + cot (3)) VL] cb b 



-H + c [tan f3V cb m b R + m c (- tan (5V cb + C (tan /3 + cot /3) V tb ) L] b 



(5) 



where Md 



\f2vn-w 

diag{md,m 8 ,m,b), M u = diag(m u ,m c ,mt) and S is a new mixing matrix in the up-quark sector that 
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can be parametrized as [12]: 
1 ^4l£f(l 



c 3 





e ct C (l - k ct e| 2 ) ^l-|e ct e| 2 e^l-l^lVl-le^f (l - |e c ^| 2 ) (l - |e c ^'| 2 ) j 



drVi-i^iV 1 -!^'! 2 



(6) 



where e ct = m c /m t and are dimensionless parame- 
ters naturally of 0(1). 

As we can see from (5), the H + cb vertex has terms 
proportional to V cb which are common to other 2HDM's, 
but has an additional term which is not CKM suppressed 
and is proportional to (tan (3 + cot (3) x (Y^V) , ~ 
to c £* tan (3Vtb- As we shall see below, this apparent en- 
hancement to H + cb coupling will drive the main contri- 
bution to the 1-loop diagrams with internal H + and b. 

The H + ib vertex also receives an additional term 
within the T2HDM: 



Lb 



-H + t {tan f3V tb m b R 



mtVtb cot/3 



V2mw 

-m t V tb e 2 ct (|£| 2 + |ef) (tan/3 + cot /?)] l} b. 

(7) 

We see, however, that this new contribution to the 
H + tb coupling is sub-leading and vanishes in the limit 
— > 0, in which case the H + tb interaction in (7) con- 
verges to that of a 2HDM types I and II. 

As for the neutral Higgs sector, there is no a priori dis- 
tinction between h° and H other than the rotation angle 
a. In particular, the h°tc and H°tc Yukawa interactions 
are: 



£h°tc ~ h t 



2mw \sinP cos/3 



cos a sin a . 

+ ~ ) met (R + e ct L) 



(8) 



-H°tc 



g / sma cos a , 

+ ~ ) m c £ {R + e ct L) 



2mw V sin/3 cos/3 



(9) 



where we have used the off-diagonal terms of £ from 
Eq. 6, neglecting terms of order e 2 t (recall e ct = m c /m t ) 
for which S tc ~ to c £ and (£*) ~ rn c e ct ^. 

For arbitrary a and (3, the above FCNC interactions 
will lead to both t — ► cH° and t — ► c/i° (or — > te and 
/i° — > tc if m t < m H a , m ft o ) decays at tree level. One can, 
however, eliminate one of the two tree-level h°tc or H°tc 
couplings by choosing a specific direction with respect to 
the mixing angles a and /3 of the neutral Higgs sector. For 
example, the tree-level H°tc coupling can be eliminated 
if one of the following two conditions is satisfied: 

i. e = o. 



nir. 



Without loss of generality, let us consider the case in 
which either the h°tc or the H°tc coupling vanishes at 
tree-level. For definitcness, we will adopt the second 
choice above, a = /?, which sets: 



H°tc 



o , 



(10) 



and gives: 



r a=i3 

L 'h tc 



gm c £ 
2mw 



(tan/3 + cot/3) (R + e ct L) 



(11) 



There are several reasons which motivate an analysis 
of the case a — [3 rather than the case of generic mixing 
angles and for preferring this choice over the choice £ = 
which also eliminates the tree-level H°tc coupling: 

1. £ = is disfavored by the analysis in [13], as we 
will recapitulate in Sec. IV. 

2. £ = diminishes the potentially enhanced term in 
the H + cb coupling, as is evident from Eq. 5. 

3. The limit a = (3 is a natural result of the MSSM, 
when the mass of the CP-odd neutral Higgs, A , 
is large (see e.g. [6] in the limit m A o — > oo). The 
choice a — [3 is widely used in the literature, partly 
for this reason. Thus, even though the T2HDM 
setup is not natural within the MSSM, this will help 
us compare our results with other existing results 
in different types of 2HDM's. 

4. The limit a = /? sets the scalar H to be SM-like, in 
which case the direct bounds on the SM Higgs mass 
roughly apply to H°. Also, H° will have SM-like 
Yukawa couplings to quarks: 



=/3 



D H d 



gM d 



2mw 



d + H°u 



gM u 



2m 



w 



u. 



(12) 



Finally, the h°tt interaction, with a = (3, reads: 

[- cot ^ + e c t (l£| 2 + l£'| 2 ) (tan/? + cot/?) 
+ {h.c.)L}t, (13) 



where £ 



m t - m c e ct 



(i£i 2 + ief). Ash 



the case of H + ib, the term oc m t tan/3 cancels, and we 
are left with the usual m t / tan /3 term plus terms that are 
suppressed either by e 2 t or cot 2 (3. 



R 
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IV. THE PARAMETER SPACE OF THE T2HDM 

The parameter space of the T2HDM was recently an- 
alyzed in [13]. Here we recapitulate the bounds on the 
parameter space of T2HDM that were derived in [13] by 
performing a best fit to several experimentally measured 
observables mainly associated with B-decays. The pro- 
cesses that were selected were the ones that are poten- 
tially most sensitive to the charged sector of the T2HDM. 
The analysis in [13] is directly relevant to the present 
work, and so we list below the final results of [13] (recall 
that ^ = iC| e^e): 

m H± = (66011°) GeV, 
tan/3 = 28 , 
0.5 < |d <1, 

n = (no±Sg)° , 

\e\ ~ o.2i, 

ip t , ~ 250°. (14) 

Note that: 

• These values for tan and to#+ are allowed also 
within the framework of a type II 2HDM [14]. 

• The authors of [13] didn't consider possible con- 
straints on the FCNC H - up-quark couplings of 
the T2HDM, coming from the recently measured 
D° oscillations. We note, however, that such con- 
tributions to the D° — D° mass difference is sup- 
pressed by a factor of ( 7-^-3 — " H+ J compared 
to the charged Higgs contribution that was consid- 
ered in [13], and therefore does not impose further 
constraints on the FCNC parameter space of the 
neutral sector other than those found in [9, 10]. 

There are also direct constraints on the neutral Higgs 
masses from high-energy collider experiments [15]: 

• The direct bound on the SM Higgs (which also 
applies to H° of the T2HDM when a = 0) is: 
m H o > 114 GeV. 

• The bounds on the mass of lightest neutral scalar 
and the charged scalar in supersymmetry are: 
m h > 90 GeV and m H+ > 80 GeV. 



V. ANALYTICAL RESULTS 
A. The tree-level t -» ch° or h° -> tc 

As stated above, when a = the decays t — > ch° 
or h° — > tc can proceed at tree-level (when kinematically 
allowed) while the corresponding decays involving H are 
mediated at 1-loop. Using the tree-level coupling h°ic in 



Eq. 11, the tree- level amplitude for the process t — > ch° 
is: 



M (t—> ch°) =i 



(M u ) ct 



-S. 



sin a 

2mw V. v "~" /Ct cos /3 
cos a sin a 



(15) 



ct 



sin cos 



R+(h.c.)L 



lit, 



where from (6) we have: 



S ct = m t e 2 ct C\/l- |e c t£l V 1 ~ l e ct£'| 2 ~ m c e ct £* , 



(16) 



Taking a ~ we then obtain: 



M (t -» ch°) = 



-9 



(cot + tan 0) to c £* [e ct R + L] u t 

(17) 



2mw 

u c [M R R + M L L] u t . 



The squared amplitude, summed over initial and final 
state polarizations is then: 

^|M| 2 - 2m c m t (M L M* R + M R M* L ) 

pol 

+ (m 2 + m 2 c - ml) (M L M* L + M R M* R ) 

= g(cot/3 + tan/3) 2 |d 2 

x [2m c m t ■ 2e ct + (to 2 + m 2 - m 2 h0 ) (l + e 2 t )] 



2 2 

g z m^ 
4m 2 , 



tan 2 |d 2 [to 2 — to 



(18) 



where we have neglected terms of 0(m 2 /m 2 ) and of 
O(cot0) in accordance with the working assumption of 
the T2HDM, i.e., that tan/3 >> 1. The width of t -> ch° 
then reads: 



2 2 x Ei^r 

m c m h° \ P° l 



r (t - c/i ) = 4tt • A* (7 ., 

\ mf mf J mir z m t 



g 2 ||| TO t TO 
12%nm 2 w 



tan 2 /3 1 



TO? 



(19) 



where A (a;, y, z) = a; 2 + y 2 + z 2 — 2xy — 2xz — 2yz and 
X]|A1| 2 = ^X^l-^l 2 i s the squared amplitude summed 

pol pol 

over final polarizations and averaged over the initial top 
polarizations. 

We then obtain the following BR (t — > c/i°) (for large 
tan/3): 



Si? 



, 1 _ 2 TO| + TO? 



mr 



mi to 



(20) 



■5 



where for the total top-quark decay width (T t ) we took 
(at tree-level and neglecting terms of order m\jm\ [15]): 



r t = r (t -» &w H 



g 2 m t 

64tt 



1 - 



m 



li- 



ra; 



1-2^ 



(21) 



For instance, taking tan/3 = 28, |£| = 0.8 (compatible 
with the bounds in (14)) and m^o = 91 GeV, we get 
(when r t = T(t^bW+)): 



BR (t -» ch°) - 0.0077 . 



(22) 



Note that if m H + < m t , then the top can also have an 
appreciable BR to t — ► which must be taken into 

account in T t . 

The decay width for the reverse h° —> ic process (cor- 
responding to the case m h o > m t ) can be obtained by 
applying a crossing symmetry to the squared amplitude 
of the decay t — > ch° in Eq. 18 (see e.g., [16]): 



£|M| 2 (/>° 

pol 



tc) 



E 

pol 



^\M\ 2 (t ^ ch") 



g#tan 2 /3|C| 2 Ko-m 



(23) 



from which we get: 

r(ft -» ic + ct) = 2 x r (ft -» ic) 



rag TO t 



= 2A^ C A2 

_ N c \^g 2 m h om 2 c 
327rm^ 



E|M| 2 (fe°^te) 



pol 



tan 2 /? 1 



16irm h a 

™2 x 2 



m 



(24) 



where N c = 3 is a color factor, and 5Z|.M| 2 = |A1| 2 , 

since the initial state is a scalar field. 

To get an estimate of the BR(h° — > ic) we need the 
total width of ft . For a = (3 and assuming also that 
m h o < 2m A o , 2m H + , the total decay width of ft is 
mainly comprised of fermion decays, since the couplings 
W+W-h", Z°Z°h° and H°H°h° are all oc sin (fi - a) 
(see table VII and App. D). Thus, below the tt threshold 
(at about m h a < 340 GeV) the decay ft — > bb dominates, 
with (see App. D): 

r (ft° -> bb) ~ N i gj^ tan 2 /?. (25) 



327rm 2 v 



In this case, we obtain: 



B. The 1-loop decays t ci?° or #° 



ic 



The 1-loop i — ► off" decay amplitude is composed of 
10 Feynman diagrams which are shown in Fig. 1. The 
individual amplitudes corresponding to each of the 10 
diagrams are given in App. B. The calculation was per- 
formed in the t'Hooft Feynman gauge and was aimed to 
be as model-independent as possible, therefore assuming 
general vertices for the general fields <?j, V a and H a which 
stand for a quark (up or down type), vector (gauge) fields 
and scalar fields, respectively (see the calculation setup 
as defined by Fig. 13 in App. B). This allowed us to 
easily calculate the partial width for t — > cH° (or for 
H° — ► tc) in different multi-Higgs models, by inserting 
the appropriate vertices and fields. 

The 1-loop integrals were evaluated numerically with 
FORTRAN (f77) using the FF package [17]. The calcu- 
lations were done using the Passarino-Vcltman reduction 
scheme, which expresses the integrals in terms of basic 
scalar n-point functions. In particular, the vector and 
tensor integrals were computed using linear combinations 
of the scalar functions (for explicit formulae see e.g. App. 
A in [2]). In App. C we describe the reduction scheme 
used to calculate the 1-loop integrals. 

As in the tree-level case, let us define the total ampli- 
tude as: 



iu c 



M = ^ ( M ^ L + M RR) «t - (27) 



where 



M L . R = M l 



L,R > 



(28) 



i=l-10 



and M % L R are parts of the amplitude corresponding to 
diagram i which are given in App. B. 

Using Eq. 27 we can write the squared amplitude 
summed over polarizations as: 



pol 



1 1 



[2m c m t {M L M* R + M R M* L ) 



2 256tt 4 

+ (m 2 c + m\ - m 2 h ) (M L M* L + M R M* R )] 



(29) 



from which we obtain: 



2 2X T\M\ A 

r = 47r • A 2 ( 1 I , y J • — - , 30 

mf mf J 647r 2 m t 

2 lv-i i j a\2 



where: £|A*f = \Z\M\\ 

pol pol 

Finally, the BR for the decay t — > cH° is: 



2 / 

BR (h° ^ic + ct) ~ |£| 2 ^f ( 1 



my 



(26) 



which for e.g., |£| = 0.8 and m h o = 300 GeV, amounts 
to BR (ft -> ic + ct) ~ 0.023. 



BR (t -» cH" 



r (t -» cH°) 

r (t -> bw+) 



(31) 



where T(t — > bW + ) is given in Eq. 21. As before, if 
m H + < m t , then the top can also have an appreciable 
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BR to t — > H + b which must be taken into account for 
the total top width. 

For the case m H o > m t we again consider the reversed 
1-loop decay H° — > tc + ct, where 



r (h° -» tc + ct) = 2 x r (if -> te) 



EiMr(H°^tc) 

pol 

m 2 H o 1 mjjo J 167rm^n 



2N^[1,J%-,J%-).?L- , (32) 



where, as in the tree-level case, ^|A4| (H° — > tc) = 

E l-^l 2 (H° - tc) = E l-^l 2 (* ^ ci/ ). 

Here also, in order to obtain the BR — > te + ct) 
we need to know the total width of if . We will in- 
clude the leading-order contributions to the Higgs width 
from H° -> qq, H° -> VV, H° -> 2 scalars and H° -» 
vector+scalar [18]. The last channel to vector+scalar can 
be important in some regions of the parameter space such 
as low tan (3. The formulae used for the calculation of the 
total 7f°-width are given in App. D, along with a plot 
(Fig. 14) of the SM Higgs width in the leading order ap- 
proximation and compared with higher order predictions 
(recall that for our choice of a = (3, H° behaves as the 
SM-Higgs). 



VI. NUMERICAL RESULTS 



Before presenting our numerical results we note that 
we have performed several checks to validate our calcu- 
lation: 

1. We have successfully reproduced the results for 
BR(t — > ch) obtained in [4] for the SM case and 
in [2] for the type II 2HDM case. 

2. We have successfully reproduced the results for 
BR (h — > tc) obtained in [5] for the SM case and in 
[14] for the type II 2HDM case. However, we were 
not able to reproduce the values for BR (h — * tc) 
reported in [2], as was also stated in [14]. 

3. We have verified both analytically and numerically 
in the FORTRAN code, the cancellation of the UV 
divergences which appear in some of the individual 
1-loop amplitudes. 

Let us now present our results for the 1-loop decays 
BR (t -> cH°) and BR (H° -> tc) in the T2HDM. We 
have taken the following set of assumptions/ values on 
the relevant parameter space of the T2HDM: 

• Set a — [3 for the reasons explained above. 

• Set |£| - 0.8, as in [13]. 
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• The other parameters of the T2HDM are set to 
their best-fit (central) value in (14) unless stated 
otherwise. 

• For the analysis of the decay t — > cH° we set 
mfjo — 91 GeV, which is the central (best fitted) 
value of the SM Higgs mass to EW precision data 
[15]. Recall that, in our setup, H° has couplings 
identical to the SM Higgs and we therefore expect 
the phenomenology of H° to roughly follow that of 
the SM's Higgs. 

• For the total top decay width we take 
r(t-> W+b) = 1.55 GeV. 

• For the process H° — > tc we arbitrarily choose 
m H o = 300 GeV. 

• We set rn^o ~ 1 TeV to enhance the triple-scalar 
coupling, which is roughly cx m 2 A0 (see App. A). 

• Other values used for the calculations were [15]: 
m t = 172.5 GeV (pole mass), m c = fn c (m c ) = 1.24 
GeV, rrib = nib {fUb} = 4.20 GeV (m c and nib are 
in the MS renormalization scheme), mw — 80.40 
GeV, mz = 91.188 GeV, cos 9w = mw/mz, 
a(m z ) = 1/128. The mass values used are with- 
out running the energy scale, even though the BR's 
were found to be sensitive to both m c and nib 
(our results are not sensitive to m s ). For exam- 
ple, the value BR{t cH Q ) = 5.99 x 10~ 5 quoted 
in the upper right corner of Table II would change 
to BR{t -> cH°) = 1.28 x 10~ 5 had we used 
m b (m z ) ~ 3 GeV and m c (m z ) ~ 0.7 GeV [19]. 
In addition see below for an example with explicit 
scale dependence. 

A. The 1-loop decay t -> cH° 

In Figs. 2a and 3a we give a 3D plot of BR (t — ► off ) 
in the m H + — tan/3 and m h o — tan/3 planes, respectively. 
The flat grid in Figs. 2a and 3a represents the LHC detec- 
tion limit which is ~ 5 • 10 -5 , so that the colored surface 
above the grid is the region of the parameter space of the 
T2HDM which has a BR potentially within the sensitiv- 
ity of the LHC. 

The choice m h o = 1000 GeV made in Fig. 2a sup- 
presses the diagrams with h° in the loop and, thus, bet- 
ter explores the charged Higgs sector. As expected the 
BR rises with tan/3 and is highest when is lowest. 

The dominant Feynman diagram in this case is the one 
depicted in Fig. 2b with two H + and a &-quark in the 
loop. This diagram receives an enhancement from the 
3-scalar vertex H°H + H~ , as noted above. 

The choice m H + — 1000 GeV made in Fig. 3a sup- 
presses the diagrams with in the loop and, thus, is 
more sensitive to the neutral Higgs sector. In this case 
also, the BR rises with tan (3 and drops as m h o is in- 
creased. The dominant diagram in this case is the one 




FIG. 2: (a) 3D plot of BR(t -> cH°) in the m H+ - tan/3 
plane in the T2HDM, and (b) the dominant diagram. We 
set m h o — 1000 GeV and m A o = 1200 GeV. The color scale 
represents the BR: the blue represents the lowest BR and red 
the highest. 




t ^ i 




FIG. 3: (a) 3D plot of BR(t -> cH°) in the m h o - tan f3 
plane in the T2HDM, and (b) the dominant diagram. We set 
m H + = 1000 GeV and m^o = 1200 GeV. See also caption to 
Fig. 2. 

which has two h° scalars in the loop. This diagram re- 
ceives an enhancement from the 3-scalar vertex H Q h°h° 
when m^o is large, as mentioned above. 

The two limits m h o = 1000 GeV and m H + = 1000 
GeV have similar consequences, yet the BR (t — > cH°) 
is higher when m H + < m^o in which case the charged 
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FIG. 4: 3D plot of BR(t - 
the T2HDM. We set m H+ 
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= 660 GeV and tan/3 = 28. 
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FIG. 5: The BR(t — > cH°) as a function of tan/3 at various 
m H+ in the T2HDM. We set m h o = 1000 GeV and m A a = 
1200 GeV. "LHC thresh." stands for the limit of the LHC 
sensitivity at 100 fb~ . 



Higgs loop-exchange is the dominant source for the en- 
hanced BR (t -> cH°) . This is a distinctive property of 
the T2HDM, since, in this model, the charged Higgs cou- 
pling H + bc is enhanced by Vtb/V c b compared to other 
2HDM's such as the type I and type II 2HDM. 

In Fig. 4 we plot the BR (t — ► cH°) in the m A a — m h o 
plane, where all other parameters are given the central 
values of Eq. (14). We see that the BR is highest for a 
large m A o and a small m h o where the diagram with the 
two h° in the loop dominates. The dip in the middle 
of the surface is due to cancellations in the H°H + H + 
vertex. 

To better illustrate the dependence of the 
BR(t—>cH°) on tan/3 and m H + we give in Figs. 
5 and 6 2D plots of the BR (t — > off ) as a function of 
tan (3 and m H + , respectively, using the same parameter 
set as in Fig. 2. 

Finally, in order to demonstrate the difference in the 
BR (t -> cH°) expected within the T2HDM, the 2HDM- 
II, and the SM , we list in table II the BR (t -> cH°) val- 
ues within these 3 different models, for 4 different points 
in the relevant parameter space. Note that in the SM the 



tan|3=20 
tan|3=28 
tan|3=50 
tan|3=72 
LHC thresh. 




m H+ [GeV] 



1000 



FIG. 6: The BR(t — > cH°) as a function of m H + at various 
tan/3 in the T2HDM. We set m h o = 1000 GeV and m A o = 
1200 GeV. "LHC thresh." stands for the limit of the LHC 
sensitivity at 100 /ft -1 . 



1-loop BR (t — ► cH°) depends only on the SM's Higgs 
mass which we also set to m#o = 91 GeV. Also, recall 
that the type II 2HDM Yukawa potential is similar to 
that of the MSSM and that it has no tree-level FCNC. 

The first two rows in table II illustrate the impact of 
the charged sector, by setting a high m h o and a much 
smaller m H + (note that the value m H + = 200 GeV is 
outside the la bounds). In this case, the BR (t cH°) 
in the T2HDM is not as enhanced as expected relative to 
the 2HDM-II, where it is a bit higher in the T2HDM. Re- 
call that we expected the diagram with the H + -b quark 
in the loop to be particularly enhanced in the T2HDM 
due to the enhanced H + cb interaction in this model. The 
amplitude of this diagram is (see App. C): 



&cb B tb L 



A cb A tb 



- m c Ci2 

+m t (-C n + C 12 ) (A» + A? b + *L + B^Bg + *R 



m b C [Ag + B^*L + B« + A« + *R 

n) 

(33) 



where Cy are the Passarino-Veltman scalar functions. 
The term cx m b A^ b + Bf[ + * (multiplied by the left pro- 
jection operator), which is sub- leading in the type II 
2HDM, is enhanced in the T2HDM and dominates the 
other terms, being cx ^*TO c m^ tan 2 (3V t bV t * b . On the 
other hand, in the 2HDM of type II it is the term 
cx m t B^ Bf[ + * r^j m t ml tan 2 pV c bV t l which dominates 
for a large tan/3 > 10. Therefore, we see that the 
different leading terms in the T2HDM and the type II 
2HDM are roughly of the same order of magnitude since 
TiH ■ V c b ~ m c , and therefore the enhancement in the 
T2HDM is not as significant as expected. 

In the last two rows of table II we set a high m H + ~ l 
TeV, thus exploring the impact of an EW-scale neutral 
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parameters 


SM 


2HDM-II 


T2HDM 


m h o = 800, m A o = 1000, tan/3 = 72, m H+ = 200 


6.03 x 10~ 14 


4.25 x 10~ 5 


5.99 x 10~ 5 


m h o = 800, m A o = 1000, tan/3 = 72, m H+ = 380 


6.03 x 10~ 14 


1.79 x 10~ 6 


2.57 x 10~ 6 


m h o = 200, m. 4 o = 4000, tan/3 = 20, m H+ = 1050 


6.03 x 10" 14 


5.15 x 10 -8 


9.39 x 10~ 5 


m h o = 200, m A o = 1000, tan/3 = 20, m H+ = 1050 


6.03 x 10" 14 


3.34 x 10~ 12 


3.14 x 10~ 7 



TABLE II: Comparison of the BR(t -» cH°) within the T2HDM, the 2HDM-II, and the SM. Masses are in units of GeV. 



parameters 


SM 


2HDM-II 


T2HDM 


m h o = 800, m A o = 1000, tan/3 = 72, m H+ = 200 


1.23 x 10~ 13 


1.26 x 10~ 4 


1.70 x 10~ 4 


m h o = 800, m A o = 1000, tan/3 = 72, m H+ = 380 


1.23 x 10~ 13 


3.09 x 10~ 6 


4.45 x 10~ 6 


m h0 = 200, m A0 = 4000, tan/3 = 20, m H+ = 1050 


1.23 x 10 -13 


8.69 x 10" 8 


2.90 x 10~ 4 


m h o = 200, m A o = 1000, tan/3 = 20, m H+ = 1050 


1.23 x 10~ 13 


8.99 x 10~ 12 


9.11 x 10~ 7 



TABLE III: Comparison of BR(H° -> tc + ct) between the T2HDM, the 2HDM-II, and the SM. Masses are in units of GeV. 
We set m H o = 300, a = j3, and other parameters to their best-fit value of (14). 



le-12 




1000 



FIG. 7: The SM value for the BR(H° -> tc + ct) as a function 
of the Higgs mass, for mt(rnt) = 4.2 GeV and for rnt(rnz) = 3 
GeV [15]. The BR is not sensitive to m c . 

Higgs sector. Evidently, in this case the BR (t — > off ) 
is much larger in the T2HDM than in the 2HDM of type 
II. This is in fact expected since the type II 2HDM does 
not have any tree- level FCNC. 



B. The 1-loop decay H° -» tc 

In the results that follow, we assume that the Higgs 
decays that enter its total width (when kinematically 
allowed) are: H° -> qq, H° VV, H° -> hihj and 
H° — > Vihj. The partial widths for these decay channels 
are given in App. D. 

We first plot in Fig. 7 the SM value for the 
BR \ H° — ► tc + ct) , as a function of the Higgs mass, for 
two b-quark masses: rrTb(mj;) — 4.2 GeV and mj;(rrTz) 
'.') GeV. Our results are in agreement with the results re- 
ported in [5]. 




(b) H i 

FIG. 8: (a) 3D plot of BR(H° ^ic + ct) in the m H+ - tan /3 
plane in the T2HDM, and (b) the dominant diagram. We set 
m h o = 1000 GeV and m A a = 1000 GeV. 

Next we turn to our results in the T2HDM. In Fig. 8 we 
give a 3D plot of BR (i? — * tc + ct) in the m H + — tan (5 
plane and in Figs. 9 and 10 we plot (2D) the BR as a 
function of tan (3 and m#+ , respectively, with the same 
parameters as in Fig. 8. We again see the same tendency 
as in the case of t — * cH°, i.e., the BR rises with tan/3 
and decreases with m H + . 

In Fig. 11 we give a 3D plot of the BR (H° -> tc + ct) 
in the m^o — tan (3 plane, and in Fig. 12 we plot (2D) 
the BR as a function of tan (3 with the same parameters 
as Fig. 11 for several values of m^o. We again see that 
the BR decreases with m h o and increases with tan f3. 

Finally, in table III we give the BR (H° — ► ic + ct) in 
the three different models (SM, type II 2HDM and the 
T2HDM) for 4 points of the relevant parameter space. As 
can be seen, the behavior is similar to the reversed top 
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FIG. 9: The BR(H° -> tc + St) as a function of tan (3 at 
different m H + in the T2HDM. We set m h o = 1000 GeV and 
m A o = 1000 GeV. 
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FIG. 10: The BR(H° -» tc + ct) as a function of m H+ at 
different tan/3 in the T2HDM. We set rn h o = 1000 GeV and 
m A0 = 1000 GeV. 



decay t — > cif° process, albeit the £?i? 
are typically higher. 



te + ct) 




iSW™ 800 -vicevj 



ft" 



(b) 



FIG. 11: (a) 3D plot of BR(H° -> te + ci) in the m h o - tan /? 
plane in the T2HDM, and (b) the dominant diagram. We set 
m H + = 1000 GeV and m A o = 1000 GeV. 
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FIG. 12: The BR(H° -> tc + ct) as a function of tan/3 at 
different m h o in the T2HDM. We set m H+ = 1000 GeV and 
m A a = 1000 GeV. 



VII. SUMMARY 

We have studied the top and neutral Higgs FCNC rare 
decays t — > ch and h —> ic (h = h° or H° are the two CP- 
even neutral Higgs) within the T2HDM. In this model the 
Higgs doublet with the heavier VEV (1)2) couples only 
to the top-quark, while the lighter Higgs doublet (i.e., 
with v\ <C V2) couples to all other quarks. In particular, 
the working assumption of the T2HDM is that tan/3 = 
V2/V1 3> 1, so that the top quark receives a much larger 
mass than all other quarks in a natural manner. 

The Yukawa sector of the T2HDM exibits potentially 
enhanced FCNC in the up-quark sector and large fla- 
vor transitions mediated by the charged Higgs. These 
Yukawa interactions and the scalar self interactions of 



the model were explicitly (and independently) derived. 
For example, it was shown that the H + bc Yukawa cou- 
pling, which (in this model) is enhanced by a factor of 
Vtb/V c b compared to the corresponding 2HDM type II 
coupling, enhances the 1-loop t — * cH° and H° — * tc de- 
cays via diagrams involving H + and 6-quarks inside the 
loop. Another potential enhancement of these 1-loop de- 
cays can come from the FCNC h°tc Yukawa interaction, 
i.e., via diagrams containing h and i-quarks. 

Without loss of generality, we have considered the re- 
gion in parameter space in which decays involving h° 
occur at tree-level while those involving H° are 1-loop 
mediated. We then explored the parameter space of the 
T2HDM for the resulting decays and found that the BR's 
for the tree-level decays t — > ch° and h° — > tc are typically 
of 0(0.01), while the BR's for the 1-loop decays t -> cH° 
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and H° -> tc can reach 10 5 — 10 4 in a favorable sce- 
nario - a value higher than the LHC detection threshold 
for the top-decay and above their expected value within 
the SM and the type I and II 2HDM. Thus, even if h° 
decouples (i.e., too heavy), the 1-loop FCNC top-decay 
t — > cH° may still be accessible to the LHC. 



APPENDIX A: FEYNMAN RULES FOR TWO 
HIGGS DOUBLET MODELS 




i {a s ab L + b s ab R) V? 



H+H-H 


V\ m H+ ~ m A" + 2 m H«) COS VP _ a ) 

+ ( m A0 — m Ho) cot 2/3 sin (/3 — a)] 


H+H-h" 


9 \(rrT t , — m 1 „ 4- -m 2 „ "> sin (ft — n\ 

m w l\ m H+ 171 AO T" 2 m h°) Bm VP a J 

+ ( m h° ~~ m A°) cot 2/3 cos (/3 - a)] 


h°h°H° 


2m w sin 20 lA 2 " 1 /." + m H°J SU1 2 ° 

— m^o (3 sin 2a — sin 2/3)] 


h°H°H° 


osinm — a) r/ 2 , 2 \ • o 
2m w sin 20 L ( 2m ff° + m h°) S1U 2 ° 

— m A o (6 sm za + sin zpj 


A°A°H° 


2m w l m H» COS VP a ) 

_i_9 I'm 2 „ _ m 2 A cnt 98 sin ( ft — <y\] 
\i it jjd 1 1 i j uul j^jj alii yfj ix j i 


A°A°h 


— t; — — — min sin (0 — a) 

2m w I h u 

+2 (m^o — m^ ) cot 2/3 cos (/? — a)] 


H+G-H u 


Si K+ m^o)sm(/3 a) 


H+G-h" 


J 2m w ( m H+ rn h0 ) cos (0 a) 


G + G~ H" 




G + G~ti' 





TABLE V: Feynman rules for triple-scalar interactions [2, 6]. 



In particular, in Table VI we list the Yukawa couplings, 
in Table VII we give the vector-vector-scalar couplings, 
in Table IV we give the vcctor-scalar-scalar couplings 
and the triple-scalar couplings, which are common to any 
2HDM [6], are given in Table V. Note that the vertices 
Z°G"H° and Z°G°h° do not participate in the calcula- 
tions since the corresponding Yukawa vertex qqG° does 
not generate FCNC. 



FIG. 13: Feynman rules. 



hb s'" 






= igT (A + PcT 


h c ^ 




W+H+H" 


if sin (0-a) (p H+ +p HO y 


W+H+h" 


-if cos {0-a) (P„ + +P h »y 


W + G + H" 


-if cos (/?- a) (P G+ +P H oY 


W+G+h" 


-ii S in (0- a) (P G ++P h oy 


z o A o H o 




Z°A°h° 





TABLE IV: Feynman rules for vector-scalar-scalar interac- 
tions as in [6]. The second particle is outgoing. 



The relevant Feynman rules for the 2HDM's that were 
used in this work are summarized in Fig. 13 and in Tables 
VI, VII, IV and V. The notation is given in Fig. 13 and 
the various couplings in the T2HDM and in the 2HDM 
of type II are collected in the Tables. 



APPENDIX B: 1-LOOP AMPLITUDES 

Here we give the 1-loop amplitudes corresponding to 
the 10 diagrams shown in Fig. 1. The calculation was 
done in the t'Hooft Feynman gauge and the following 
notation was used: 

definitions: 

M n - the amplitude corresponding to diagram n. 
h - the external neutral scalar. 

i - (= t) when used as index, the incoming fermion - the 
top. 

j - (= c) when used as index, the outgoing fermion - the 
charm. 

a, (3 - when used as indices, internal bosons (vectors or 
scalars) in the loop. 

I, k, q - when used as indices, internal fermions. 

L,R- the Left, Right projection operators. 

Uj - (= u(Pj) ) the outgoing spinor of the charm. 

Ui - (= u{Pi) ) the incoming spinor of the top. 

B , Bi,Co,Cij - the n-point integral functions, defined 

in App. C. 

A s ab , B s ab - the left, right -handed parts of the fermion- 
fermion-scalar vertex. 

a s ab , b s ab - the left, right -handed parts of the fermion- 
fermion-vector vertex, for both charged and neutral 
gauge bosons. 
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9H"T)M TT [fil 

Zf-Ll-L/lVl ±± U 


tjO„- „ 

il Uj Ui 


Q 1 71 /f cos a , / sin a i cos ck \ \ t> i / i, „ \ r 

—M u 7T + Zj : 77 H 7T ii + f/l.C.) _L 

zm^/ V " cos p 1 \ sin 1 cos J J 1 V / 


gM u sin a 
2m^v sin/3 


h°uu 


/ ■ / ■ \ \ 

9 \ M u sm " E( cos " + sin « ) ) -R + (/i.e.) L 

2m w \ " cos p y sm p cos P ) ) v 7 


ffM„ cos a 
2m w sin 


A"uu 


*2^7 (~ M « tan/3 + E (tan /3 + cot 0)) R + (h.c.) L 




G"uu 


i 9 9M " (R L) 

2m w V > 




H°dd 


gMd cos a 
2mw cos i3 


gMfj, cos a 
2m;v cos /3 


h°dd 


g-Md sin a 
2ttl\\/ cos /3 


gMd sin a 

2?TlVV" cos /3 


A°dd 


Stan/3(Ji-L) 


^tan/3(i?-L) 


G°dd 






H + ud 


[tan /3VcKMM d i?+ 
+ (-M u tan /3 + E (tan /3 + cot 0)) VckmL] 


-^2— [tan/3Vfcif M M dj R+ 
+ cot /3M„ VckmL] 


G+ud 


(M u VckmL - VckmMjR) 


(M u VckmL - VckmMjR) 



TABLE VI: Feynman rules for Yukawa interactions in the T2HDM and in the 2HDM-II. 



W+W-H" 


igmw cos (0 — a) g 11 " 


W + W~ti' 


igmw sin (0 — a) g^ v 


Z»Z»H U 


^coe(/3-a)<r 


Z u Z»h u 





TABLE VII: Feynman rules for vector- vector-scalar interac- 
tions [6]. 



g ab f ' vv - the vertex of 3-scalars, vector-scalar-scalar, 
vector- vector-scalar, respectively. 



Ml = 1^2 m 2^ m 2 [mim k B (B%A? k B? k *L + A?* B? k A% R) m^B, A? k A<* k * L + A%B? k B£R) 

+m tmk B (B?*B? k A%L + A>t*A? k B%R) m?Bi (B^B^L + A?* A? k A? k R)] u h (Bl) 
where B = B (m 2 ,m 2 a ,m 2 ) . 

M2 = \Z 2 ^2^2 [mjmfcBo (^S^B^L + B% AftAfrR) + m kmj B (Bf k A? k *B?*L + A« k B? k * Af R) 

-m j m l B l (Bf k Bf k *B^L + A%A? k *A%R) - m 2 j B 1 (A« k Af k * Bf L + B? k B? k * A% R)] u u (B2) 
where B = B (m^,m^,m|) . 

M3 = lZ 2 w 2 1 m 2 [4m ; m feJ B (Bfrb&aftL + A\ L * af k b" k * R) + 2m l m t B l (Bfcb? k b%L + A^* af k af k * R) 

+4m imk B {B?;af k b? k *L + A^bf k a^R) + 2m 2 B 1 (Bfra&aftL + A$b? k b$R)] u u (B3) 
where B = B (m k , mj, m?) . 

Mi = lZ* m 2 - m 2 \- AmmkBo ( b >lk B u L + aXA^R) + Am k m 3 B (a« k bf k * B$> L + b%a? k *AfR) 

+2m J m l B 1 {a%af k *B^L + b%b? k *A%R) + 2™^ {b%b? k *B%L + a%af k * Af R)] u u (B4) 
where B = B (m 2 k ,m 2 al m 2 ) . 



M 5 = (Aj q L + B? q R) { [Co + m 2 C n + (m 2 - m 2 ) C 12 \ (A" q A k *B° k * L + B<* q B h k * q A? k * R) 

- m qmi C u (A<* q B h k * q A%L + B« q A h k * q B% R) + m q m 3 C 12 (B° q A h k * q B? k *L + A" q B k *A" k * R) 

+ mi m 3 (Cia - Cn) (B? q Bt q A<* k *L + A^ q A k *Bf k R) + m q m k C (A" q B k *Bf k * L + B? A^A^ii) 

-m,™ fc (C n + Co) {A%A h k * q A? k *L + B« q B h k * q B<% 'R) + m 3 m k (C 12 + Co) (B? q B> k l * q B? k * L + A« q A h k * q A% R) } u u 

(B5) 
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where C = C (m 2 k , m 2 aJ m 2 ql ml m 2 h ) 



M fi = 



16tt 2 



{ 



4C + 2 (ml- m 2 + m 2 h ) C n + 2 (-m 2 + m 2 + m 2 h ) C 12 J (b<* q B%* q a<* k * L + a%A h k * q b%R) 

+ 2m q m i C 11 (b%A h k * q b^L + a%B%a%R) - 2m q m 3 C l2 (a%B h k ^ k *L + b%A%b%R) 

+ Am q m k C (b" q A k *a" k * L + a%B%b$R) + 2m,m fe (C n + C ) (b^ q B kq b" k L + a%A h k * q a?C R) 

-2m 3 m k (Cia + Co) (a%A h k * q a<* k * L + b" q B kq bf k R) } u u 



where C 



C (ml,ml,m 2 q ,ml,m 2 ,ml) . 



M 7 = 



-vu, 



3 „3h 



16tt 2 



9a/3h 



m k C (a?, 



B?u*L + B 



jk ik 



%A%R) - m 3 C 12 (B%B£L + A%A%R) 



+m t (-C n + C 12 ) (A%A$L + B^ k Bf k R 



?/3 



where C = C {ml,m 2 a ,m 2 si ,m 2 ,m 2 h ,mfj . 



M 8 = 



—iu 



3 vvh 



16tt 2 



where C — C (m\, 

Mg 



ml, m}, mf, rn 2 h 



3 vhh 
~9f3ah 



16tt 



4m fe C (b%afCL + a%bf k * r) + 2m % (C n - C 12 ) (i^L + a%a^R) 
,m 2 ) . 

(C + 2m 2 C n + m 2 C 12 - 2m 2 C 12 ) + a%A^R) 



- mi m 3 (C 12 + C n ) (a%A^L + b%B? k *R) + m 3 m k (C - C 12 ) (a%B%L + 
+m 4 m fc (C12 - Cn - 2C ) [b%A^L + af fc £? fc *ii)] u;, 

where C = C (^m 2 , m 2 , m 2 , m 2 , ml , m 2 ^j . 

Ml ° = Vr do + m * {Cl2 ~ Cll) ~ 2m i Cu 2ml {Cl2 - Cll) ) { A 3^* L + B % b ik R ) 

+ rmmj (2C n - C 12 ) {Bf k b^L + A%^r) + m 3 m k (C 12 + 2C ) (Bf k a$L + A%b%R 
+m t m k (Cn - C 12 - C ) (A* k b?£L + B^R) 

where C = C (^m 2 , m 2 , m 2 3 , m 2 , m 2 h , m 2 ^j . 



Ui, 



APPENDIX C: 1-LOOP INTEGRALS 



The 1-loop scalar, vector and tensor integrals are de- 
fined as: 



I 

C^C^C^Cq (m\,m\,m\,p\,p\,p 2 ?) 



(B6) 



(B7) 



(B8) 



(B9) 



(BIO) 



11T 



[k 2 -m 2 ] (k+ Pl y-m 2 (k+ Pl + P2 y 



- m| 
(C2) 



B ;B^ (ml,m 2 2 ,p 2 ) = J — 



d*k 


1; k^ 


™ 2 [k 2 - m{] 


2 1 

(k+p) — m 2 




(CI) 



where J2iPi — an d the reduction to the 1-loop scalar 
functions is: 

B M =P^B 1 , 

C M =pi li C 11 + p 2 ^C 12 , 

=Pl fl Pl v C 2 l + P2 ^p 2u C 22 + {pip 2 j>„C 23 + V C 24, 

(C3) 
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with {ab}^ = a^bv 



APPENDIX D: THE HIGGS WIDTH 

The total Higgs width, T tot , is derived from: 

T tot =T(h -> qq) + T(h -» VV) 

+ T{h^ HiHj) + T(h^VH), (Dl) 

when kinematically allowed (i.e., the decay products are 
assumed to be on-shell). All the above partial widths 
were calculated at tree-level. The relevant couplings fol- 
low the definition in Fig. 13. 

The decay width for h — ► qq is [6] : 



(D2) 



_ gm q cos a _ gm q s \ na r , _ ttQ . ,Q 
h 11 ~ 2m w cos/3' 2m w cos/3 iU1 « — 



where ^4 

respectively, and 7V C = 3. For example, the width for the 
decay h° 66 in the T2HDM with a = /? is: 



where ghHiHj are the triple scalar couplings, and we recall 
that: A (x, y, z) = x 2 + y 2 + z 2 — 2xy — 2xz — 2yz. 
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FIG. 14: The total width of the SM Higgs: leading order 
approximation compared to the corrected (1-loop) width of 
[20]. 
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The decay width for ft — > W + W~ is [6]: 



(D3) 



The decay width for h -> VH (where VH = W+H' 
or VH = Z°H? and H? ^ ft) is: 



r (ft -> tF+WM = ^im^i (i _ X )1 

64^771^ 



(D4) 



where ghww = gmw cos (/3 — a) ; <?mvy sin (/? — a) for 
ft = if ; ft , respectively, and cc = . 
The decay width for h -> Z°Z° is [6]: 



1 OTrrrih '"" " " 



2 ' 2 



(D7) 



r(^z"z") = g '^ co 4 s4 ^ (i-x) 

3277171^ 



1-x 



r 

(D5) 



where g hZ z = gm / cos(/3-a); g "' z sin f/3 - a) for 

3 n ^^ COsOyv V ' COS uw K ' 1 

4m 2 

h = H°; h°, respectively, and x = -^f-. Note that by 

h 

choosing a = j3 one sets the couplings W + W~h° and 
Z°Z°ft° to zero in which case T(h° FF+VF"), r(ft° -> 
Z°Z°) = while r(H° -> W+W~) and r(ft° -> Z°Z°) 
are maximal. 

The decay width for h — > f?ifij (where i/j 7^ ft) 

is: 



r (ft -> tj^j 



9hHiH 



-A" 



Hi 



167rm/j 



(D6) 



1 where g^y// are the vector-scalar-scalar couplings. 



In order to demonstrate the role of radiative correc- 
tions to the leading order tree-level total width, we plot 
in Fig. 14 the total SM Higgs width at the tree-level (i.e., 
as calculated in this work) compared to the width cal- 
culated including higher-order corrections [20]. As can 
be seen, the discrepancy between the lowest order and 
the higher order calculations is significant only below the 
WW threshold (at about 160 GeV). In this mass range 
the 66 decay channel dominates for which radiative cor- 
rections can have an appreciable impact. This mass range 
is, however, below the ft — > tc threshold and therefore ir- 
relevant to the present work, and so the use of the lowest 
order widths is justified. 
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